This study presents a depth-duration-frequency (DDF) model, which is applied to the annual maxima of sub-hourly rainfall totals of selected stations in England and Wales. The proposed DDF model follows from the standard assumption that the block maxima are generalised extreme value (GEV) distributed. The model structure is based on empirical features of the observed data and the assumption that, for each site, the distribution of the rainfall maxima of all durations can be characterised by common lower bound and skewness parameters. Some basic relationships between the location and scale parameters of the GEV distributions are enforced to ensure that frequency estimates for different durations are consistent. The derived DDF curves give a good fit to the observed data. The rainfall depths estimated by the proposed model are then compared with the standard DDF models used in the United Kingdom. The proposed model performs well for the shorter return periods for which reliable estimates of the rainfall frequency can be obtained from the observed data, while the standard methods show more variable results. Although the standard methods used no or little sub-hourly data in their calibration, they give fairly reliable estimates for the estimated rainfall depths overall.
INTRODUCTION
Estimates of the magnitude of rainfall events of a given duration with an expected annual exceedance probability p, are an important component of current methods of flood frequency estimation, used in the design and assessment of flood defence schemes, bridges and reservoir spillways, as well as urban drainage systems. Rainfall frequency estimates are also a key input to mapping studies of the risk of surface water flooding. The estimates can be obtained from depthduration-frequency (DDF) models, in which the relationship between the rainfall depth, event duration and event rarity is integrated in a unique framework. In a DDF model, it is required that frequency curves for different durations do not cross, meaning that the rainfall depth that is exceeded with probability p should increase monotonically with increasing event duration. The probability p is typically expressed as a return period T, with p ¼ 1/T, as events larger than those corresponding to the quantile that is expected to be exceeded with probability p should happen, on average, every T years. DDF models, which are often referred to as intensityduration-frequency models, can then serve two purposes:
to estimate the rainfall depth of a hypothetical event with a given duration and rarity, and to assess the rarity of a storm event with known rainfall depth and duration. Svens is still being assessed, since most of the model evaluation focused on the estimation of the frequency of long-duration events. Considering that the FEH13 model aimed to improve rainfall frequency estimates for rare events with durations longer than 1 hour, it is not yet clear how it will perform for the more frequent events of very short duration which are of interest in this study.
The FSR and FEH99 DDF models are based on an index-rainfall approach and were developed with the scope of providing nationwide rainfall frequency estimates.
The FEH99 method was calibrated on a larger network of stations with longer records than the FSR method and, unlike the FSR method, incorporated a spatial model in which data from nearby stations were used for rainfall frequency estimation at a given location. On the other hand, the FEH99 method was calibrated using data with an accumulation period of at least 1 hour while, in the development of the FSR method, some data with an accumulation period of 1 minute were also used. Compared to the FSR method, the FEH99 method has been found to give much larger estimates of rainfall depth for the very long return periods required for reservoir safety assessment (Babtie Group in association with CEH Wallingford & Rodney Bridle Ltd ; MacDonald & Scott ). As a result, the FSR and FEH99 methods are both still used, but for different cases that depend on the duration and rarity of the design event to be estimated (ICE ). As Svensson & Jones () report, the FSR method can be used to estimate return periods of rainfall events with accumulation periods between 1 minute and 25 days and return periods longer than 1,000 years, and is recommended for the estimation of rainfall depths associated with return periods up to 10,000 years The FEH99 method provides estimates of rainfall accumulations between 1 hour and 8 days, with return periods shorter than 1,000 years and, although rainfall frequencies up to return periods of 10,000 years can technically be estimated, their use is not recommended.
The newly developed FEH13 might replace the FSR and the FEH99 as the recommended model to use to estimate the magnitude of very rare events, but the official guidelines
have not yet been amended. The FEH99 method can also be extended to estimate the frequency of rainfall events with accumulation periods shorter than 1 hour, although, as no sub-hourly data were used in the calibration of the method, extrapolation to durations below 30 minutes is strongly discouraged. The coexistence of the FEH99 and FSR methods results in uncertainty when estimates are needed for sub-hourly rainfall events. These cases go beyond the range of reliable estimates for the FSR, a relatively old model that was calibrated on fairly short records with very limited sub-hourly data, and beyond the intended use of the FEH99, a more complex and structured model that was calibrated using a dense network of stations but no sub-hourly data at all. In particular, the sites were chosen to be at least 35 km • From the original ToT data, 1-minute accumulation series were composed. From these, 1-minute monthly maxima were extracted and, by cumulating successive datapoints, monthly maxima for 2-, 5-, 10-, 15-, 30-, 45-, 60-, 90-and 120-minute accumulations were extracted.
• From the 15-minute accumulation data, monthly maxima for the 15-, 30-, 45-, 60-, 90-and 120-minute accumulations were extracted.
For all series, a month was considered complete if at least 75% of the data in the month were non-missing.
Finally, the annual and seasonal maxima series were con- To adjust the maxima extracted from the 15-minute stations so that they are closer to the higher values that would be attained using sliding windows, correction factors were introduced. 
THE UNIFIED GEV DDF MODEL
The FSR, FEH99 and FEH13 DDF models build on a large set of available gauges and allow the estimation of frequency curves for a number of durations across the whole UK. In particular, the FEH99 and the FEH13 have complex spatial model components so that estimates for rainfall frequencies at one point are built incorporating information from nearby The proposed model builds on extreme value theory (Coles ), assuming that block (e.g., annual or seasonal) maxima follow a GEV distribution: X ∼ GEV(ξ, α, κ) where X indicates the random variable that describes rainfall block maxima and ξ, α and κ are the location, scale and skewness parameters of the GEV distribution, respectively.
The cumulative distribution function of a GEV distributed random variable X ∼ GEV(ξ, α, κ) is defined as:
The set on which the variable X is defined, e.g., the values that might be observed in a sample from a population with underlying distribution X, is governed by the skewness parameter as follows:
The distribution is bounded for the case in which κ ≠ 0, with the lower and upper bound being a linear combination of the distribution parameters. The skewness parameter therefore defines whether an upper or lower bound for the values of X exists.
The quantile function for the GEV distribution, which is used to build frequency curves, is derived as:
where F is the non-exceedance probability, corresponding to . Taking ' to be the lower bound of the distribution, and assuming this to be the same for all durations, the following relationship is obtained from the inequality in Equation (2):
The quantile function shown in Equation (3) can then be updated to a quantile function x D (F), which depends on the event duration D via the location parameter ξ(D):
Provided that ξ(D) is monotonically increasing, the func- 
which is an increasing function of D provided that its first derivative is positive:
The scale function is determined by a combination of the lower bound ('), the skewness parameter (κ) and the 
RESULTS FOR THE AT-SITE ANALYSIS
For each station separately, the parameters of the unified Again, the fitted location functions seem to be mostly in are also very small: À37.7 at Otterbourne and À124.6 at Victoria Park (censored in Figure 4 ). The fact that the skewness parameter for these stations is estimated to be very close to zero in the unified GEV model is likely to be connected to the fact that some series in these stations appear to have a finite upper bound (e.g., positive skewness) for some durations. In the unified GEV model, the skewness parameter is required to be negative and to be unique for all durations, so that the final estimate is a summary of the properties of all durations. If the behaviour of the series at a station differs across durations, the final estimates need to be a compromise between the different tendencies of each series.
Nevertheless, the final fit of the estimated frequency curves compared to the annual maxima shown in Figure 5 seem to indicate that overall an acceptable fit is obtained for the series at Otterbourne. The estimated frequency curves shown in Figure 5 have similar properties to those shown in Figure 3 -the curves have a tendency to fan out and the annual extremes appear to be mostly driven by summer rather than winter events.
Seasonal differences are not explored further in this analysis, but the estimates obtained from the different stations could be employed in the future to develop correction factors to obtain seasonal estimates from sub-hourly annual estimates, similarly to Kjeldsen et al. () . The unified GEV proved to be a flexible and reliable modelling approach which could give reasonable estimates across different seasons.
COMPARISONS OF THE UNIFIED GEV RESULTS TO CURRENT METHODS
The estimated depths obtained with the methods currently in use (FSR and FEH99) and the proposed unified GEV, corresponding to some pre-specified frequencies, are compared to the empirical estimates obtained from the recorded data series at each station. Since reliable estimates of very rare events cannot be obtained from the relatively short records difference between the FEH99 and FSR, which were developed with the purpose of allowing DDF estimation for the whole UK, and the estimates obtained from the unified GEV model, estimated using only at-site data is investigated in Figure 9 . The figure shows, for a large range of return periods, the relative difference between the design events the work presented in this study was carried out while the first author was employed at CEH Wallingford, the support of which is gratefully acknowledged.
